Expression of TERT, the reverse transcriptase component of telomerase, is necessary to convert normal human cells to cancer cells. Despite this, ''telomerization'' by hTERT does not appear to alter the normal properties of cells. In a cell transplantation model in which bovine adrenocortical cells form vascularized tissue structures beneath the kidney capsule in scid mice, telomerization does not perturb the functional tissue -forming capacity of the cells. This cell transplantation model was used to study the cooperation of hTERT with SV40 T antigen ( SV40 TAg ) and oncogenic Ras in tumorigenesis. Only cells expressing all three genes were tumorigenic; this required large T, but not small t, antigen. These cells produced a continuously expanding tissue mass; they were invasive with respect to adjacent organs and eventually destroyed the kidney. Cells expressing only hTERT or only Ras produced minimally altered tissues. In contrast, SV40 TAg alone produced noninvasive nodules beneath the kidney capsule that had high proliferation rates balanced by high rates of apoptosis. The use of cell transplantation techniques in a cell type that is able to form tissue structures with or without full neoplastic conversion allows the phenotypes produced by individual cooperating oncogenes to be observed.
Introduction
Cells from long -lived mammals show a limited capacity for replication in culture; this phenomenon, termed cellular senescence, has been shown to result from progressive shortening of telomeres [1] [2] [3] . This was first demonstrated for human cells, but bovine cells also exhibit telomere shortening, leading to replicative senescence [ 4, 5 ] . In both human and bovine cells, telomere shortening and replicative senescence are prevented by the ectopic expression of the reverse transcriptase component of telomerase ( TERT ) [ 2, 5 ] . In contrast, although primary rodent cells undergo a cessation of proliferation in culture, this does not result from telomere shortening [ 6 ] . Moreover, human cells and bovine cells are resistant to neoplastic transformation by both chemical carcinogens and oncogenic viruses, whereas rodent cells readily transform to full tumorigenicity following exposure to these agents [ 7 ] . Although the mechanisms by which cells from long -lived mammals demonstrate this resistance to neoplastic conversion have not been elucidated, one candidate mechanism for the difference is that prevention of replicative senescence is required for neoplastic transformation in cells from these species. This concept is supported by results of experiments on the genetic modifications required to convert normal human cells to a fully tumorigenic state [ 8 -13 ] . Successive transduction of normal cells by three retroviruses encoding SV40 T antigen ( SV40 TAg ), oncogenic Ras G12V , and hTERT produced cells that were fully tumorigenic [ 8 ] . When cells were transduced with retroviruses encoding SV40 TAg and Ras only, without hTERT, cells did not produce tumors [ 8,9,11 -13 ] .
The mechanism by which known oncoproteins, such as SV40 TAg and Ras, cooperate with hTERT in neoplastic conversion remains to be clarified. Despite the evidence that hTERT is required for tumorigenic conversion of human cells, ectopic expression of hTERT by itself without cooperating oncoproteins does not appear to alter the normal properties of the cells. This was first shown in cell culture; hTERTexpressing cells retain normal cell cycle check points and do not show karyotypic instability [ 14, 15 ] . The apparently normal behavior of such cells prompted the coining of the term ''telomerization,'' implying immortalization without the abnormalities commonly found in immortalized cell lines [ 16, 17 ] . Subsequently, in this laboratory, we extended these findings by showing that telomerized cells also retain completely normal characteristics following transplantation into a host animal. We used clonal bovine adrenocortical cells, which form vascularized tissue structures when transplanted beneath the capsule of the kidney; these tissues replace the essential functions of the host animal's adrenal glands and maintain the life of adrenalectomized animals [ 18 ] . When we made telomerized clones by ectopic expression of hTERT, we found that these cells formed normal functional vascularized tissue, essentially identical to tissue formed from nongenetically modified clonal cells [ 5 ] . Like the normal cells, the telomerized cells displayed a profound decrease in cell proliferation on being transferred from the cell culture to the in vivo environment [ 5, 18 ] . In other experiments, telomerization of fibroblasts prevented the changes in gene expression associated with replicative senescence and permitted the production of a normal skin equivalent after transplantation [ 19 ] . Although telomerized keratinocytes exhibited a delay in terminal differentiation in organotypic raft culture [ 20 ] , this may have been due to inadequate culture conditions for the keratinocytes. Thus, the paradox remains that hTERT is required for neoplastic transformation, yet does not disturb normal differentiated cell function, at least as evidenced by the ability of telomerized cells to form functional tissues by cell transplantation.
In the present experiments, we continued the approach of using cell transplantation as a technique for investigating the phenotypes of genetically modified cells. Following the paradigm of neoplastic transformation of human cells by the combination of hTERT, SV40 TAg, and Ras G12V [ 8 ] , we show that a similar approach using bovine adrenocortical cells also results in full neoplastic transformation in this cell transplantation model. However, cells transduced with retroviruses encoding only hTERT or only Ras G12V produced tissues that did not have the properties of a malignant tumor; in particular, these tissues were able to maintain the life of adrenalectomized animals. In contrast, the expression only of SV40 TAg produced tissues that exhibited high proliferation rates yet did not result in full neoplastic transformation.
Materials and Methods

Growth of Bovine Adrenocortical Cells in Culture
Bovine adrenocortical cells were derived by enzymatic and mechanical dispersion from the adrenal cortex of 2year -old steers, as previously described [ 21 ] . Cells were plated in Dulbecco's modified Eagle's medium / Ham's F -12 1:1 with 10% fetal bovine serum, 10% horse serum, and 0.1 ng / ml recombinant FGF -2 ( R&D Systems, Minneapolis, MN ) [ 21 ] . The gas phase was 5% O 2 , 5% CO 2 , and 90% N 2 .
Retroviral Transduction
Retroviral vector plasmids were transfected into PT67 cells ( Clontech, Palo Alto, CA ), which produce a virus type ( 10A1 ) that efficiently infects most human cells [ 22 ] ; we found that it also infects bovine adrenocortical cells. Adrenocortical cells were infected by co -culture with PT67 cells in a Transwell system ( Corning, Corning, NY ) [ 23 ] . Following 4 days of co -culture, transduced adrenocortical cells were grown in the appropriate selective condition ( 2 g/ml puromycin, 400 g / ml G418, or 50 g / ml hygromycin ), until the culture was devoid of nonresistant cells. Retroviral plasmids were generously donated by J. Campisi ( pBabepuro -hTERT [ 24 ] ), C. Cepko ( ZIPneoSV40X1 / T [ 25 ] ), and J. Shay ( pBabe -hygro -Ras G12V [15] ).
In different experiments, primary cells were transduced with a single retrovirus, or were successively infected with two or three viruses. In this case, the second and third infections were performed on cells after the culture was completely antibiotic -resistant following the previous infection, but cells were not grown extensively between infections.
Biochemical Characterization of Retrovirally Transduced Cells
Western blotting was performed using standard techniques. Antibody Ab -1 ( PAb419; Oncogene Science, Cambridge, MA ) detects both large T and small t antigens [ 26 ] . For immunoprecipitation of Ras, whole cell extract ( 100 g of protein ) was incubated with 5 g of anti -H -Ras rat monoclonal antibody ( Y13 -259; Oncogene Science ) and 1 l of protein G -agarose beads ( Oncogene Science ) in 100 l of RIPA buffer for 30 minutes. Beads were washed in the same buffer and the adsorbed protein was electrophoresed and blotted. Blots were incubated with pan -Ras -Val12 mouse monoclonal ( clone DWP; Oncogene Science ) and bound antibody was detected by anti -mouse peroxidase conjugate and chemiluminescence.
Telomerase activity in detergent extracts of cells was assessed by the telomerase repeat amplification protocol ( TRAP ) assay as previously described [ 23 ] .
Transplantation of Cells Beneath the Kidney Capsule of scid Mice
ICR scid mice originally purchased from Taconic ( Germantown, NY ) were maintained in an animal barrier facility as a breeding colony. Animals ( both males and females ) at an age greater than 6 weeks ( $25 g body weight ) were used in these experiments. Procedures were approved by the Institutional Animal Care Committee and were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals. The cell transplantation procedure was performed under tribromoethanol anesthesia. In some experiments, in which the ability of transplanted cells to functionally replace the animals' adrenal glands was tested, the animals were also adrenalectomized in the same surgical procedure. The methods have been described in detail previously [ 27 ] . In all experiments, we transplanted 2Â10 6 adrenocortical cells together with 4Â10 5 lethally irradiated FGF -secreting 3T3 cells [ 28 ] . The left kidney was exteriorized. Adrenocortical cells and 3T3 cells were introduced into the subrenal capsule space using a transrenal injection with a 50 -l Hamilton syringe fitted with a blunt 22 -gauge needle. In some experiments, to confine the transplanted adrenocortical cells within a defined space so that the growth, vascularization, and function of the cells could be readily studied, we used a small cylinder to create a virtual space beneath the kidney capsule into which the cells were located [ 18, 27 ] . Following transplantation of the cells, the kidney was returned to the retroperitoneal space and the incisions in the body wall and skin were closed. Postoperative care for the animals, including the administration of analgesics and antibiotics, was as previously described [ 27 ] . Animals were sacrificed at various times following transplantation, as described in the Results section.
Histological and Immunohistochemical Analysis
The fixation, paraffin embedding, and histological examination of tissue formed from transplanted cells were carried out using standard techniques. Immunocytochemistry was performed with several antibodies as follows: the Ki -67 proliferation -associated antigen was detected using monoclonal antibody MIB -1 ( Immunotech, Westbrook, ME ). This antibody does not recognize the mouse homologue of Ki -67 but recognizes the bovine protein with staining equivalent to that observed with human tissues ( our unpublished observations ). SV40 TAg was detected with monoclonal antibody Ab -2 ( PAb416; Oncogene Science ), which is reactive for large T, but not small t, antigen [ 26 ] ; Ras was detected with a mouse monoclonal anti -human H -Ras antibody ( clone 18; BD Transduction Laboratories, Lexington, KY ). Primary antibodies were detected with biotin -conjugated antimouse antibodies and avidin -biotin -peroxidase complex ( Vector Laboratories, Burlingame, CA ), as recommended by the manufacturer. Sections were lightly counterstained with hematoxylin.
Apoptotic cells were visualized in tissue sections using in situ oligonucleotide labeling ( ISOL ) [ 29 ] . In this procedure, a hairpin oligonucleotide is ligated to DNA double -strand breaks, as found in apoptotic cells. Biotin -containing oligonucleotides were used as supplied in the ApopTag ( ISOL ) in situ oligo ligation kit ( Intergen, Purchase, NY ). Bound biotin on the section was visualized with avidin -biotin -peroxidase complex as for antibody staining.
Results
In these experiments, we used cell transplantation techniques to investigate the properties of bovine adrenocortical cells expressing combinations of hTERT, SV40 TAg, and Ras G12V . Table 1 provides an overview of the combinations we tested and the results obtained.
When cells were successively infected with retroviruses expressing hTERT, SV40 TAg, and Ras G12V , the transduced cells were tumorigenic when transplanted in scid mice. hTERT!SV40 TAg! Ras cells were characterized biochemically in culture before transplantation. They had strong telomerase activity ( Figure 1 ). This activity was shown to be caused by transduction with the hTERT retrovirus, and not the SV40 TAg or Ras viruses, because cells transduced with retroviruses without hTERT were completely telomerasenegative ( not shown ). hTERT!SV40 TAg!Ras cells expressed high levels of SV40 large T antigen, but did not express small t antigen. As expected, cells transfected with a plasmid containing the early region of SV40 expressed both Western blot probed with an antibody that recognizes both large T and small t antigens. Extracts ( 100 g of protein each ) from hTERT!SV40 TAg ! Ras cells and from clone 47 ( Ref. [ 5 ] ; cells transfected with hTERT and SV40 plasmids; labeled ''tr'' ). ( c ) Ras. Extracts of separately grown cultures of hTERT!SV40 TAg ! Ras cells and from separate batches of primary nongenetically modified cells ( controls ) were used for immunoprecipitation with an anti -Ras antibody, followed by Western blotting using an antibody against Ras V12 , as described in Materials and Methods section. large T and small t antigens. This difference is addressed further in the Discussion section. Expression of Ras G12V was demonstrated by immunoprecipitation. When hTERT!SV40 TAg!Ras cells were transplanted under the kidney capsule of scid mice, they produced continuously expanding tissue masses ( Figure 2 ). Vascularization of these masses was evidenced by the presence of many prominent blood vessels on their surfaces. At early times ( 30 -40 days ), the masses protruded from the side of the kidney. Later ( 60 -75 days ), the masses surrounded and invaded the kidney, ultimately destroying the organ. As the tumor masses expanded, it was evident on gross inspection that the cells were invading surrounding organs, including the liver and spleen. By 60 days, as shown in Figure 2 , tumors had attained dimensions of >2.5 cm and weighed 1.5 to 2.5 g.
Histological identification of the transplanted cells at the edge of the expanding tumor mass was aided by immunocytochemical staining with a monoclonal antibody against SV40 TAg. Examination of Ki -67 expression in serial sections showed that the transplanted cells have an extremely high proliferation rate ( Figure 3 ). SV40 TAg labeling demonstrated that the tissue expands continuously over time and is invasive. Invasion into the kidney was shown both by detection of groups of cells at remote distances from the primary tumor mass and by detection of many individual cells located between kidney tubules ( Figure 3 ) .
We used the cell transplantation model to examine the properties of cells that had been genetically modified in ways other than hTERT!SV40 TAg!Ras. As noted above, all cells genetically modified by transduction with hTERT, with or without other genes, had telomerase activity, whereas all cells without hTERT were telomerase -negative. However, when they were transplanted, all non -hTERT cells had an extensive remaining replicative potential. All were capable of growth for >20 population doublings in culture beyond the population doubling level at which they were transplanted. Control nongenetically modified bovine adrenocortical cells undergo a total of approximately 100 population doublings before becoming senescent [ 30 ] . As we observed previously, bovine adrenocortical cells expressing SV40 TAg, with or without Ras but without hTERT, eventually entered crisis [ 30 ] . Cells with SV40 TAg were used at a population doubling level well before crisis ( at least 20 population doublings ).
First, we studied cells that had not been transduced with the Ras retrovirus. Both hTERT!SV40 TAg cells and SV40 TAg cells formed tissue following cell transplantation that was clearly abnormal, yet not tumorigenic. These tissues had high proliferation rates ( Figure 4 ). Nevertheless, they remained small over the duration of these experiments ( up to 70 days following cell transplantation ) and showed no invasive properties with respect to the kidney. These properties -retaining a small size despite high proliferation rates -suggested that there must also be a high rate of cell death. This was confirmed using ISOL staining ( in situ oligo ligation; a method that specifically detects double -strand breaks in DNA that are characteristic of apoptosis ) ( Figure  5 ). Nuclei that showed a positive reaction by ISOL staining were present in tissues formed from SV40 TAg tissues, but were uncommon in tissues formed from primary cells or hTERT!SV40 TAg!Ras cells. ISOL -stained cells in SV40 TAg tissues showed typical apoptotic morphology, such as nuclear shrinkage and condensed chromatin; stained apoptotic bodies were also observed. In SV40 TAg tissues, 2% to 5% of cells were in apoptosis as determined by ISOL staining, whereas in hTERT!SV40 TAg!Ras tissues, and in other tissues formed from cells not expressing SV40 TAg, the frequency was variable but very low ( $0.1% ).
The differences in behavior between hTERT!SV40 TAg cells and hTERT!SV40 TAg!Ras cells clearly indicate the critical role of oncogenic Ras in tumorigenicity. We therefore transplanted cells that had been transduced with the Ras retrovirus alone. Surprisingly, cells expressing Ras G12V produced functional tissue following cell transplantation; the tissue formed permitted the survival of the host animals when the animals were adrenalectomized at the time of cell transplantation. Whereas the low proliferation rate resembles that in tissue formed from normal, nongenetically modified cells, or from telomerized cells, the histological appearance was abnormal. In tissues formed from Ras cells, many cells were enlarged. Figure 6 shows the contrast between the appearance of tissue formed from Ras cells and tissues formed from hTERT cells. Tissue formed from hTERT cells was small and had a very low proliferation rate ( Figure 6 ), in agreement with previous data on tissue formation by telomerized cell clones created by transfection rather than retroviral infection. High levels of Ras protein were detected by immunocytochemistry both in hTERT!SV40 TAg!Ras tissues and tissues formed from cells transduced with Ras only, but not in tissues formed from normal nongenetically modified cells ( Figure 7 ) .
In contrast to these findings, cells transduced with the combination of SV40 TAg and Ras produced no detectable tissue or tumor ( Table 1 ). The site of injection of the cells through the kidney to the cell transplantation site under the kidney capsule was positively identified, as evidenced by damage caused by entry and withdrawal of the needle used. Nevertheless, no adrenocortical cells were observed at the injection site.
Discussion
We investigated the genetic requirements for the production of tumorigenicity in bovine adrenocortical cells. Telomere biology is similar in bovine and human cells; cells from both species senesce by telomere shortening, are immortalized by telomerase, and have stable karyotypes both before and after telomerization [ 4, 5 ] . Specifically, we previously showed that telomerized bovine adrenocortical cell clones are apparently immortalized and do not undergo telomere shortening [ 5 ] ; additionally, bovine adrenocortical cells transduced with a retroviral vector encoding hTERT, as used in these experiments, are apparently immortalized ( unpublished observations ). Although bovine adrenocortical cells exhibit a transient telomerase activity when freshly isolated from the animal and first placed in culture [ 23 ] , all long -term cultures are completely devoid of telomerase activity, like other bovine and human cells. Here, we show that telomerase activity is necessary for tumorigenicity in bovine cells, as previously demonstrated for human cells [ 8 ] .
Only the combination of hTERT, SV40 large T antigen, and Ras G12V produces cells that are tumorigenic ( continuously expanding tissue that was invasive ). Small t antigen is not required. The use of cell transplantation techniques permits the phenotypes of individual genes and combinations to be observed in the context of transplant tissues in a host animal. Thus, we show that none of the single genes or combinations, other than all three, produces tissue that is either continuously expanding or invasive.
These results contrast dramatically with those of previous cell transplantation experiments using normal or telomerized bovine adrenocortical cells. Nongenetically modified cells or telomerized cells form functional vascularized tissue that permits the survival of adrenalectomized animals; these tissues remain at a constant size over long periods and have a low rate of cell division [ 5, 18 ] . In agreement with our previous results, tissue formed from hTERT -transduced cells was normal in appearance and had a low proliferation rate. However, perhaps surprisingly, cells transduced singly with either SV40 TAg or Ras G12V also produced small tissue structures that maintained the life of adrenalectomized animals.
In this cell transplantation model of oncoprotein cooperation, SV40 TAg by itself produced a distinctive phenotype. Although the effect of SV40 TAg is well known in rodent tissues, especially the ectopic expression of SV40 TAg under the control of tissue -specific promoters, the effects of SV40 TAg are much less well established in tissues of longlived mammals that undergo telomere shortening and senescence. This issue is of relevance to the question of the health risks associated with human SV40 exposure [ 31 ] . SV40 TAg tissues, and also hTERT!SV40 TAg tissues, had a high proliferation rate that appeared to be balanced by a high rate of cell death. Clearly, SV40 TAg, as a powerful oncoprotein that interrupts the normal restraints on growth imposed by Rb and p53 [ 32, 33 ] , exerts considerable effects by itself. Many differentiated cells in tissues divide very rarely, even though they are not postmitotic. The mechanism by which this quiescence is enforced is not known, but likely involves negative signals through integrins and other interactions with the extracellular matrix [ 34 ] . We surmise that by forcing cells in tissues to enter the cell cycle, SV40 TAg causes apoptosis, perhaps resulting from conflicting positive and negative growth signals [ 35, 36 ] .
When hTERT and Ras were expressed together with SV40 TAg, there was little cell death, thus permitting continuous expansion of the tissue; these cells were also invasive. Yet neither one of these genes alone conferred these properties when combined with SV40 TAg; tissues formed from hTERT!SV40 TAg cells remained small and noninvasive, whereas SV40 TAg!Ras cells did not survive cell transplantation. The latter result is curious, although it is in agreement with previous data using fibroblasts and kidney epithelial cells [ 8 ] . More work will be required to determine the causes of this failure of cell survival. It may be that the abnormalities conferred by the genes individually ( high proliferation and cell death for SV40 TAg; abnormal tissue structure for Ras ) produce more severe abnormalities in combination, which do not permit cell survival in vivo. This also suggests that TERT is able to counteract this effect and so confer tumorigenic properties on these abnormal cells. These experiments do not address the mechanism by which TERT can have this effect, but it is noteworthy that a variety of recent data suggest that TERT has effects other than telomere maintenance [ 37 -39 ] . Moreover, when they were transplanted, the SV40 TAg!Ras cells had a remaining replicative potential of at least 20 population doublings, as did all the cell populations used in these studies. Therefore, the failure of cells other than hTERT!SV40 TAg!Ras to form tumors is unlikely to be the result of insufficient remaining replicative potential of these cells.
Other features of hTERT!SV40 TAg!Ras cells that we do not present in detail here are in agreement with findings on tumorigenic conversion of human cells. At least some clonal populations of bovine hTERT!SV40 TAg!Ras cells maintain a diploid karyotype, but are as tumorigenic as others that do not. For human kidney epithelial cells, it was shown that diploid lines cloned from the original population are tumorigenic [ 10 ] . Additionally, tumors formed from hTERT!SV40 TAg!Ras cells may be serially transplanted, either as cells dissociated from the tumor tissue or as tissue fragment inserted subcutaneously.
The tumorigenicity of bovine adrenocortical cells in this model did not require the activity of SV40 small t antigen. Recently, it has been shown that the cooperation of hTERT, SV40, and Ras in tumorigenic conversion of human cells requires both large T and small t antigens [ 13 ] . In those experiments, retroviruses that separately encode large T and small t antigens were used, whereas in earlier experiments [ 8 ] , the retroviral construct pZIPneoSV40X1 / T [ 25 ] was used -the same one that we used to express SV40 TAg in our experiments. Because this retrovirus includes the genomic SV40 early region, virions produced by packaging cell lines may include both spliced and unspliced forms [ 40 ] . If there is no selective pressure for cells to express SV40 small t antigen, then it would be expected that cells infected with this retrovirus would mostly express only large T antigen, encoded by normally spliced viral RNA. When small t antigen is required for tumorigenicity [ 13 ] , there will be a strong selection pressure for tumors to grow from cells that were infected by virions that encode both large T and small t antigens. The finding that tumorigenesis in bovine adrenocortical cells does not require small t antigen requires further elucidation. There are at least three possibilities: 1 ) a species difference between the behavior of bovine and human cells; 2 ) a tissue -specific difference; or 3 ) the use of cell transplantation techniques versus traditional subcutaneous or intramuscular injection. If this last possibility is considered, it may be that small t antigen is not required for tumorigenicity but for cell survival at some stage of the experimental protocol used for tumorigenicity testing.
The ability to form functional tissues from cells expressing Ras G12V is perhaps surprising, in view of some of the previously reported effects of expression of this oncogene in normal cells [ 41 ] . We did not observe accelerated senescence when cells were infected with this retrovirus, but it should be noted that the senescence -promoting effect of Ras is prevented by growth of cells under low ( physiological ) oxygen tensions [ 42 ] . We routinely grow adrenocortical cells under 5% O 2 . We did not investigate the effects of Ras at ''normal'' ( 20% ) oxygen because adrenocortical cells do not grow well at this concentration [ 21 ] . The ability to create tissues expressing Ras G12V should aid in determining the role of Ras in oncoprotein cooperation.
Cell transplantation, because it can be used to form tissues from normal as well as abnormal cells, offers some advantages in the study of the roles of genes in tumorigenicity. Differences in the genetic requirements for tumorigenicity when cells are tested by cell transplantation versus conventional subcutaneous and intramuscular injection ( such as the requirement for small t antigen ) may indicate that some genetic modifications in conventional systems are required for cells to survive the process by which tumorigenicity is tested, rather than for tumorigenicity per se. The ability of cell transplantation to create tissues expressing specific genes and gene combinations enables greater insight into the mode by which oncoproteins cooperate in full neoplastic transformation. Telomerase activity is clearly required for tumorigenicity, yet hTERT alone produces almost no change in tissue properties. These findings also suggest that the potential for telomerized cells to evolve to a tumorigenic state should be carefully evaluated before telomerized cells are used in human cell therapy [ 2, 15, 43 ] .
